The accuracy of excited states calculated with Kohn-Sham density functional theory using the maximum overlap method has been assessed for the calculation of adiabatic excitation 
Introduction
Insight into the properties of electronic excited states and the reaction mechanisms that molecules undergo following photolysis is key to provide a full understanding of a wide number of processes involving the excited states of organic, transition metal and DNA/RNA related systems. 1 Theoretical calculations of molecular properties are well established, and the application of theoretical methods to describe the electronic ground state of molecules is often considered to be routine, although it can still be very demanding. The description of excited states presents a greater challenge due to problems such as the multiconfigurational nature of electronic excited states, the variety of different types of excited state, and the complexity that open shell systems with unpaired electrons can introduce.
Ideally it would be possible to treat excited states in a similar manner to the calculation of ground states. Excited states are commonly calculated using wavefunction based approaches such as complete active space self-consistent-field (CASSCF) coupled with multiconfigurational perturbation theory (CASPT2) 2 and multireference configuration interaction (MRCI) 3 . However, these wavefunction based approaches quickly become prohibitively expensive as the size of the system increases, particularly when optimizing a structures, and vibrational frequencies for low-lying excited states of small molecules have previously been found to be in good agreement with gas-phase experimental data when using TDDFT. 10, 12 However, it is also possible to study electronically excited states directly using Kohn-Sham DFT without the need for TDDFT. This can be achieved through applying some constraint, overlap criterion, intermediate optimization or energy penalty to prevent the variational collapse to the ground state within the SCF procedure. [21] [22] [23] [24] [25] [26] One such approach, which is used in this work, is the maximum overlap method (MOM) that maintains the excited state within the Kohn-Sham calculation through an overlap analysis of the orbitals between iterations of the self-consistent field procedure. 24 Recently, a constricted variational DFT approach was introduced that overcomes problems associated with excited state Kohn- While the accuracy of vertical excitation energies using eDFT has been studied, the reliability of eDFT to reproduce the shape of excited state potential energy surfaces has not. This is addressed in this paper, wherein we assess the accuracy of spin-mixed and spin-purified eDFT calculations for adiabatic excitation energies, excited state structures and vibrational frequencies compared to TDDFT for a set of small molecules where experimental gas-phase data are available. Furthermore, anharmonic frequencies provide a good indicator of potential energy surface quality, 4 and anharmonic frequencies based on second-order vibrational perturbation theory (VPT2) 48, 49 are also assessed.
Computational Details
Constructing an extensive data set that incorporates excited state structures and vibrational frequencies is hindered by the relative scarcity of experimental gas phase data for excited states compared to the ground state, and by the variety of molecular excited states. within a locally modified version of the Q-Chem software package. 59 The excited state KohnSham calculations were performed using unrestricted Kohn-Sham DFT with the maximum overlap method invoked to prevent the variational collapse to the ground state to give the spin-mixed excited state. 24 The molecular orbitals of the ground state were used as an initial guess for the excited state calculation, with a β-electron moved from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). In the case of HCN the LUMO+1 was occupied. This gives the spin-mixed excited state, which we denote eDFT SM . Subsequently, energies, analytic gradients and Hessian matrices modified according to equation (1) were calculated to give the spin-purified state. These were calculated by combining energies, gradients and Hessian matrices obtained from separated SCF calculations on the singlet and triplet states.
Adiabatic excitation energies are calculated as the difference between the ground and excited state energies for each method. Zero point energy (ZPE) corrections were made (where stated) by subtracting the difference in harmonic vibrational ZPE between the ground and excited state from the uncorrected excitation energies. Analytical derivatives were unavailable for TDDFT with the B97-1 and EDF1 functionals, and for the aug-cc-pVQZ basis set. In these cases, numerical second derivatives of the energy with respect to nuclear displacements where evaluated from finite differences of the energies with a step size of 0.00189 a 0 . Anharmonic vibrational frequencies were determined using VPT2 and the transition-optimised shifted Hermite (TOSH) method. 49 Third and fourth order derivatives of the energy with respect to nuclear displacements were calculated using finite difference schemes using analytical energies, gradients and Hessians using the default step size of 0.1 a 0 , 49 the resulting derivatives were used to compute a two-mode coupled quartic force field.
49
Even for small systems, this requires a large number of energy evaluations. Within the MOM framework, it remains possible that variational collapse to the ground state can occur, and this was found to be the case for the larger molecules studied here when evaluating the anharmonic frequencies. In order to ensure that the correct excited state energy is computed for all energy evaluations, if variational collapse is detected the energy evaluation is repeated with an alternative set of starting orbitals (the ground state orbitals for the minimum energy structure) or by converging a Hartree-Fock calculation for the excited state and using these orbitals as a starting point for the DFT calculation. 
Results and Discussion
The main focus of this work is to explore the performance of the eDFT SM and eDFT 
Excitation Energies
The calculation of accurate adiabatic excitation energies represents a greater challenge than for vertical excitation energies, since both a good description of the ground and excited state equilibrium geometries is required, in addition to the relative energy difference between them. Accurate ZPE corrections are further reliant on predicting the vibrational frequencies of both ground state and the excited state. Computed adiabatic excitation energies are shown in Table 2 However, it is interesting to note that some of the largest errors in the excitation energies occur for molecules with triple bonds. Such bonding can be described poorly by DFT and as such the source of the error for these excitation energies may lie with the ground state rather than the excited state.
Excited State Structures and Harmonic Frequencies
While excitation energies primarily examine the relative heights of the ground and excited state potential energy surfaces, the calculation of excited state structures and frequencies, depends on predicting the position of the energy minimum and the curvature of the potential energy surface at the minimum correctly. The predicted structures for the excited states are shown in Table 3 . Previous work has shown that structures predicted from TDDFT are in good agreement with experiment. 10, 12 The results in experimental mode, moving from 118 to 176 cm -1 . The corrected ordering of these two TDDFT modes has been used in Tables 1, 4 and 5. Despite resulting in significantly improved harmonic and scaled harmonic frequencies, the normal modes calculated using the eDFT SP method tend to involve the same atoms and displacement magnitudes as modes calculated using TDDFT and eDFT SM , but with rotated directions.
Anharmonic Vibrational Frequencies
Anharmonic frequencies evaluated using either the VPT2 or TOSH methods together with eDFT are shown in Table 7 . For the majority of the vibrational modes, the computed frequencies lie close to their experimental values, suggesting that eDFT still provides a good description of the anharmonic potential energy surface around the equilibrium geometry. This is true for both the spin-mixed and spin-purified frequencies, and indicates that the eDFT 
Conclusions
In this paper the calculation of excited state properties for open-shell singlet states within excited state DFT has been investigated. Application of the spin-purification formula (eqn.
(1)) leads to improved results for adiabatic excitation energies, excited state structures and vibrational frequencies compared to the spin mixed state. Spin-purification has the greatest effect on the excitation energies, which are much closer to experiment but remain consistently too low and less accurate than TDDFT. The computed excitation energies also show a greater sensitivity to the choice of exchange-correlation functional than TDDFT. The predicted structures from eDFT are of a similar accuracy to TDDFT, and spin-purification 
